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Abstract. Coplanar capacitive sensors have been widely applied in many fields with its characterstics
of non-invasion, lowcost and fast response. Length and width of sensor electrodes, excitaion
frequency are considered to affect the performance of the sensor. In order to improve the sensor
performance, and to maximize efficiency of experiments, orthogonal experimental design is
introduced. The practical experiments and simulation results are presented at the last. Compared with
the full collocation method, the numbers of experiments is reduced by 66%. The primary and
secondary orders of the parameters in this experiment can also determined by this method, and the
experimental results are intuitive, reliable, and practical.

Introduction

Capacitive sensing technique has been developed over the past few decades. Parallel-plate sensor
is the widely used sort of coplanar sensors which is based on fringe effect existing at the edge of the
sensor electrode[1]. The fringe capacitance effect was then used in ECT systems since 1970s[2]. And
it has been applied to measurement systems widely with its characteristics of non-invasion, lowcost
and fast response. It is one of the most popular sensing techniques in non-destructive testing and
evaluation filed.

A technique that uses fringing field interdigital sensors to measure moisture concentration in paper
pulp was presented by K.Sundara, and this method can estimate the moisture content in paper pulp at
levels as high as 96% [3]. Pang et al. has presented the principle of non-destructive test of composite
materials using the uniplanar capacitive sensor, and the effect of different shield on the detection
performance of the sensor was studied but the sensor signal was not researched[4]. Also, the
uniplanar capacitance sensor was applied to measure the wood permittivity[5]. A kind of sensor using
the fringe electric field was applied to measure the ice layer thickness in the mixture of atmosphere,
ice and water [6]. It is easy to know that the fringe capacitance can be used in many systems, but the
sensor parameters design, which can affect the sensor performance greatly, also need to be
considered.

This paper aims to make tradeoff of capacitive sensor parameters, and determine the effective
weight on sensor performance. Working principle of the coplanar capacitive sensor is introduced at
the first part. The practical experiments and simulations are proposed based on orthogonal
experimental design. The analysis and conclusions of experimental results are presented at the last.

Coplanar Capacitive Sensor Design

Working principle. A coplanar capacitive sensor consists of two or several electrodes, and an
electrostatic field is constructed between the excitation and detective electrodes. One of electrodes
for excitation is polarized using an AC or DC voltage, and other electrodes are detectors. The electric
charges stored on the surfaces of the plates are different from each other. When a target,such as film,
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comes close or appears on the sensor surface, the electric field line between the excitation and
detective electrodes is changed slightly[7], and the fringe capacitance will change, see Fig. 1.
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Fig. 1. Working principle of coplanar capacitive sensor
The relationship between capacitance and permittivity distribution is governed by the following

equation:
_Q_ 1 .
C=0=—y j [t y)-[VO(x, )T (1)

Where ¢(x, y) denotes the permittivity distribution in the sensing field, V is the potential difference
between two electrodes, @(x, y) corresponds to the potential distribution, I" refers to any surface
surrounding the considered electrode.

Design parameters of coplanar capacitive sensor. The sensor performance can be evaluated
from following aspects: 1) penetration depth; 2) signal strength and noise suppression; 3)
measurement sensitivity and the measurement dynamic range of the sensor. The design parameters of
the sensor are 1) Materials of the sensor electrodes; 2) Length of the sensor electrodes 3) Gap
between the electrodes. 4) Width of the sensor electrodes.

Orthogonal experimental design. Experimental setups are shown in Fig. 2. The system consists
of impedance Agilent 4294A, a computer, and coplanar capacitive sensor. AC source is set as 0.5V.
Length L, width of electrode W, and gaps between the electrodes S are three parameters for sensor
optimization. As shown in Fig. 2¢)
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Fig. 2. The block diagram and equioment of experiment
a) The block diagram b) The experimental equipments c) The top view of capacitance sensor
The expression is L, (u"), where m is the number of experiments, u refers to the number of parameter
combination, called level, and v is the number of parameters, called factors. For three-parameter
experiment, the orthogonal table can be designed as shown in Table 1.
Table 1 The orthogonal table of Lo(3*) and data processing

Factors Value
No derived
' A B C D by Object

function

1 A]_ B]_ Cj_ D]_ Y1

2 Aq B> C D> Y2

3 A1 B3 C3 D3 V3

4 A2 Bl C2 D3 y4

5 Az Bz C3 Dl Vs

6 As Bs C, D> Ve

7 A3 Bl C3 D2 y7
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8 As B> C, D3 Ys
9 As Bs C. D, Yo
El Rll:()’ﬁ)’ﬁya)/e' Eu:(y1+y4+y7)/3 En:(y1+y6+y8)/3 R14:(y1+y5+yg)/3
Ez Rm:(y4+y5+y6)/3 kzz:(y2+y5+y8)/3 k23:(Y2+y4+y9)/3 k24:(yz+ye+y7)/3
Ks Ka=(, + Ve +Y,)/3 k= (Y, + Y + o) /3 ks =(y,+ Y5 +,)/3 Koo = (s + Y+ 1)/3
R, = max(Ki, Ka1,Ka1) R, = max(Kiz, k22, Ka2) R, = max(Kus, k23, kas) R, = max(Kis, Kaa, Kas)
Range —min(kaz, ka1, kar) —min(kiz, k2, kzz) —min(kis, ks, kas) —min(kas, Kas, Kas)

A. B. C. DinTable 1 are four factors. In this paper, three parameters need to be considered, if
three levels are considered, only 9 experiments are needed. Compared with 27 experiments are
required by using full coordination method, the number of required experiment is reduced by 66%.
Number 1~9 in Table 1 means 9 groups of orthogonal experiment combination. The last column

(y1-Yo) is value derived by object function. ki, k2 and ks can be used to evaluate the best parameter

combination according to object function. For ki, k2 and ks, each column has greatest range,
expressed as Rj. It can be used to evaluate the effect weight of different factors(parameters) on sensor
performance. The parameter corresponding to the largest R; at the same column is first order factor,
the second largest R; determines the second order factor, and so on.

According to orthogonal experimental design principle, we set three levels, and the area of
electrodes is set as 625mm?. The ratios of length to width are 5:1, 10:1 and 15:1, and detailed setups
are shown in Table 2. In order to facilitate the production, the sensor area of the three groups is
slightly different, and the error is within 1.4%. The level-factor table is shown in Table 3, where the
factors are A(L/W), B(S/W) and the frequency of excitation f.

Table 2. Sensor design parameters

Parameters
Groups Length of electrode Width of electrode Sensor area
L(mm) W(mm) Sa(mm?)
1 56.0 11.2 625+2.20
2 79.0 7.9 625-0.90
3 97.5 6.5 625+8.75
Table 3. The parameters of factors and level
Factors
Levels Ratio of length to width Ratio of gaps to width F';i%?g;?gn()f
A(L/W) B(S/W) f(MH2)
1 A1 (5) B1 (1) f1 (0.5)
2 A; (10) B2 (2) f, (1.0)
3 A3 (15) Bs (3) f3 (1.5)

Orthogonal design table are using Lo(3") table, as shown in Table 4. The evaluation standards are
measured capacitance and simulation results, respectively. The experiment and simulation results in
the double vertical coordinate system are given in Fig. 3. The left side of the vertical coordinate
represents the experimental result, and the right side of the vertical coordinate is the simulation result.

Table 4 Experimental scheme and results with the same area electrodes

Factors Capacitance (pF)
Experiments A(LW) B(S/W) f(MH2) I\/Ieasuyrements Slmu;/atlons
m S
1 Aq B f1 0.189 44.64
2 Ay B, f2 0.138 23.36
3 Ap Bs f3 0.173 15.82
4 Ay B f2 0.291 84.32
5 A, B, f3 0.150 44.72
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6 A, Bj f1 0.106 30.43
7 Aj B; f3 0.396 122.43
8 Az B> f1 0.317 65.50
9 Az Bj f, 0.115 44.72
Results Factors
A(L/W) B(S/W) f(MHz)
kin=0.166 kie =0.292 kit =0.204
Practical Average k k2a=0.182 k26 =0.202 ka1 =0.181
experiments Ksx=0.276 Kz =0.131 ka1 =0,240
Range R Ra=0.110 Rp=0.161 Rt =0.059
kin=27.94 kis =83.80
Simulation  Average k k2a=53.16 kes=44.53
results ks =77.55 ks2 =30.32
Range R Ra =49.61 Rg =53.48
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Fig. 3. Experiment and simulation results

From Fig. 3, we can derive that the results of experiment and simulation are of great difference,
and the difference is almost three orders of magnitude, however, the curve trends are similar. The
reasons of this situation are mainly from two aspects, 1) Excitation frequency cannot be set in the case
of simulation, because the simulation mode of COMSOL is electrostatic mode. However, we set
excitation frequencies 500 kHz, 1 MHz and 1.5 MHz, respectively when we process the practical
experiments. 2) circumstance conditions may affect the final measurement results which lead to
reduced measurement results. From Table 4, we note Rg>Ra, which means the influence of factor
S/W on sensor signal strength is greater than factor S/W. R; is the smallest range, which means the
effect of excitation frequency on sensor performance is minimum.

Table 5 indicates the best and the worst combination of sensor design parameters. To prove its
effectiveness, supplementary experiments are carried out, the measured capacitance value is
0.098pF, which is the smallest capacitance. Therefore, the worst combination is AzB1f3;. According
to orthogonal design of simulation results, the best and the worst combination are A3B; and A;Bs,
respectively. This result is same as the result shown in practical experiments.
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Table 5. Experimental result processing with the same area electrodes

Practical experiments(pF) Simulation results(pF)
Combinations 9 groups of . 9 groups of Final
. Final results .
experiments experiments results

The best
combination AsBafs AsBafs AsB AsB

The worst AzBsf;
combination (0.106) A1B3f>(0.098) AiBs AiBs

Conclusions

The main conclusion is listed as follows:

(1)Orthogonal experimental design can improve the efficient of experiments, and the number
of experiments can be reduced around 66%.

(2) The optimal combinations of sensor design parameters are derived, which indicate the
primary parameter is gaps of sensor electrode, the secondary parameter is length of sensor
electrode, and the last is electrode width.
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